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Abstract 
Previous studies on the Cambridge/Sandia stratified burner have produced a comprehensive database of 
line Rayleigh/Raman/CO LIF measurements of scalars, as well as LDA and PIV measurements of 
velocity, for flames under non-uniform mixture fraction, under moderate turbulent conditions where the 
ratio of the turbulent velocity fluctuations to the laminar flame speed is of order 10.  In prior work, we 
applied multiple conditioning methods to demonstrate how local stratification increases the levels of CO 
and H2, relative to the corresponding turbulent premixed flame, and enhances surface density function 
(SDF) and scalar dissipation rate of progress of reaction (SDR), based on extent of temperature rise, at a 
particular location in the flame where the mixing layer and flame brush cross. In the present study, we 
examine the global features of selected flames at all locations, by obtaining probability density functions 
(PDFs) for species concentrations, SDRs, and SDFs, conditioned on local equivalence ratio and location in 
the flame brush throughout the domain.  
We find that for most cases, species profiles as a function of temperature are well represented by 
laminar flame relationships at the local equivalence ratio, with some deviations attributable to either 
differential diffusion near the flame base and local stratification effects further downstream where the 
flame brush crosses the mixing layer. In particular, CO2 is significantly affected by differential diffusion, 
and CO and H2 by stratification. However, the stratification effects on the species are relatively minor 
when conditioned on local equivalence ratio, a simplifying result in the context of modelling. 
Measurements of the gradient of progress of reaction and scalar dissipation rates, conditioned on local 
equivalence ratio, show that the thermal zone of the flame is thickened by turbulence: the mean SDF and 
SDR values are in general lower than those of unstrained laminar flames. The effect is greater under rich 
conditions, with conditional mean SDR decreasing to less than half of the corresponding laminar value.  
The extent of flame thickening is the same in the premixed as the stratified case, once the stratified 
measurements are conditioned on the same equivalence ratio.  
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1. Introduction 
In many practical devices, combustion takes place under turbulent stratified conditions, where fuel and 
oxidiser are not homogeneously mixed. Such a mixing strategy is often implemented intentionally, in 
order to extend the lean flammability limits and to achieve flame stability over a wider range of global 
stoichiometry. A consequence of the strategy is the presence of significant variations in reactant 
concentrations, which affects the rate of flame propagation and local pollutant formation. 
Many experimental and numerical investigations have been undertaken to study turbulent flame 
propagation through spatially non-inhomogeneous mixture conditions in order to understand the effects of 
stratification on flame behaviour [1-10] [11-15]. The observed stratification effects depend strongly on the 
particular operating conditions (laminar or turbulent) and burner geometry (e.g. V-flame, bluff-body 
stabilized, piloted, combustion bomb). Under laminar and low turbulence conditions, heat and radicals 
from burnt richer regions feed the leaner regions, thus increasing the flame resistance to extinction, as 
demonstrated in laminar experiments and simulations [11] [12] [16]. A number of low Reynolds number 
DNS simulations have also demonstrated the effects of stratification on the global heat release rate. The 
sensitivity to stratification was found to depend on the extent of stratification, turbulence intensity and 
length scale [17] [18] [19] [20].  In general, higher turbulence levels increase strain and lower the relative 
importance of the equivalence ratio gradients.  
A number of test burners with controlled boundary conditions and practically relevant turbulence levels 
[1] [2] [3] [4] [5] have been tailored to study the effect of stratification on flammability limits [6], flame 
thickness [7] [8] [9], flame surface density and scalar dissipation rate [7] [8], flame propagation speed [6] 
[10], as well as its macro- and microstructure [21] [22]. The studies have shown that stratification widens 
the lean flammability limits relatively to premixed cases [23], and that the mass fractions of CO and H2 
species can be affected [21] [22]. Mean effects of stratification on flame surface density [7] [8], curvature 
[8, 24], and flame thickness [7] [8] [9] [10], are relatively less pronounced.  However, a few studies have 
identified a memory effect, and a corresponding increase in flame propagation rate relatively to premixed 
conditions [10, 11] [12] [13] [24].  
Recent studies on the structure of stabilized stratified flames provide a suitable database for testing 
model assumptions.  The Darmstadt group produced a turbulent stratified flame series with high levels of 
turbulence and stabilized by an inner stoichiometric pilot flame.  These flames have been studied by Böhm 
et al. [3], Kuenne et al. [25], and Seffrin et al. [2] using Rayleigh and Raman scattering for scalars, and 
LDA measurements for velocity. Examining instantaneous temperature profiles and corresponding OH 
PLIF images, Böhm et al. [3] concluded that the effect of stratification on temperature profiles is 
secondary to that of the heat transport effect due to the three-dimensional flame geometry. A number of 
LES simulations continue to be used for comparison to the Darmstadt experimental database to understand 
the relative effects of stratification, turbulence, and heat transfer [26] [27] [28].   
The Cambridge/Sandia stratified swirl burner was designed with two purposes in mind: (a) in 
complement to the Darmstadt burner, to produce a database of scalars and velocities for turbulent 
numerical model validation, now with a recirculation zone and (in some cases) swirl, and (b) to produce 
simultaneous scalar gradient information that can reveal the microstructure of scalars in premixed and 
stratified flames. The detailed database of scalars, velocity, and surface temperatures has been extensively 
discussed in a number of publications [21] [22] [29] [30] [31] [32] [33] [34]. Regarding point (a), the 
database produced has been recently used for comparison with LES numerical simulations [35] [36] [37] 
[38], providing insight into the potential successes and shortcomings of the various modelling approaches 
for premixed and stratified flames [39] [40]. Mean and rms measurements are available in [41]. In 
particular, the detailed database led to the discovery that molecular transport has a strong effect on the 
transport of H2O and CO2 near the base of the flame, leading to an accumulation of the latter relatively to 
the former in recirculation zones [30], a phenomenon subsequently confirmed by simulations [42].  
The experimental studies also provided a rich database of the probability distribution functions (PDFs) 
of scalars and their gradients, which has not been sufficiently explored or compared to models, particularly 
after conditioning on the local equivalence ratio. In many modelling approaches for stratified flames, the 
two key variables involved are the progress of reaction, 𝑐, (defined in more detailed further on, but here 
taken as linearly related to temperature) and the local mixture fraction. In particular, the mean gradient of 
the progress of reaction, ∇𝑐, denoted the surface density function (SDF), and the corresponding scalar 
dissipation rate (SDR), 𝜒$ = 	𝐷∇𝑐 ⋅ ∇𝑐, are directly related to the mixing rate and thus to the reaction rate. 
Sweeney et al. [21] [22] [29] demonstrated how local stratification affects the SDF and SDR at a particular 
location in the flame, where the mixing layer and flame brush cross [29]. That study showed that for the 
same local equivalence ratio, an increase in the local gradient of mixture fraction leads to increased scalar 
dissipation.  
In the present study, rather than considering the very narrow question of the effect of the local gradient 
of mixture fraction, as was done in [29], we examine the global features of the stratified flame, by 
analysing the statistics of species mass fractions, SDR, and SDF, conditioned on local equivalence ratio 
and location in the flame brush throughout the flame, using the same original dataset. The present paper 
therefore has the following objectives: (a) to compare the PDFs of state space of the scalars (species and 
temperature) to that of unstrained laminar flames, conditioned on the local equivalence ratio; (b) similarly, 
to compare the PDFs of gradients of progress of reaction and scalar dissipation values, conditioned on 
equivalence ratio, and (c) to compare the resulting PDFs of equivalence ratio and progress of reaction with 
numerical simulations of Proch and Kempf [37]. 
 
2. Experimental details 
2.1. Cambridge/Sandia stratified swirl burner 
The burner has been described in previous publications, but the outlet geometry is reproduced in Fig. 1, 
from [21]. The burner was designed to generate reacting flow conditions representative of turbulent flows 
in practical systems, including sufficiently high turbulence levels, swirl, and operation under premixed and 
stratified conditions. The inlets consisted of co-annular tubes with a development length exceeding 25 
hydraulic diameters to ensure well-developed turbulent flow. A ceramic central bluff body was used to 
stabilize the flame with minimal heat loss – measured surface temperatures are available in [34]. Mass 
flow controllers were used to control the equivalence ratio of the inner annulus 𝜙*  and the outer annulus 𝜙+  independently, allowing the stratification ratio 𝑆𝑅 = 𝜙* 𝜙+  to be varied for a fixed global 
equivalence ratio 𝜙. .  
 
 
Figure 1. Top and side view of the burner geometry exit. The arrows indicate the direction of flow and swirl [21]. 
 
2.2. Operating conditions 
The operating conditions analysed in the present study are shown in Table 1, spanning premixed and 
stratified cases without swirl. The fixed bulk velocities were chosen to maximize the Reynolds numbers in 
the flows given the physical constraints imposed by the mass flow controllers available and the maximum 
throughput of the laboratory air supply. The bulk velocity in the outer annulus, 𝑈+ =	18.7 m/s, was set at 
more than twice the value of the velocity in the inner annulus, 𝑈* =	8.3 m/s, in order to generate 
substantial levels of shear and thus turbulence between the two flows. Co-flow air was supplied around the 
outer annulus with a bulk velocity 𝑈$+ =	0.4 m/s to prevent the entrainment of ambient air and to provide 
well-characterized boundary conditions. The Reynolds numbers 𝑅𝑒 = 𝜌𝑈𝐿 𝜇  are 𝑅𝑒* =	5960 for the 
inner flow and 𝑅𝑒+ =	11500 for the outer flow, based on bulk velocities at the exit, the hydraulic diameter 
of each annulus, and gas properties evaluated at 294 K. The total power varies from 25.8 kW in the 
premixed cases to 21.5 kW in the moderately stratified case and 19.3 kW for the highly stratified cases. 
The stratification ratio, SR, defined as the ratio of the nominal equivalence ratio in the inner annulus to 
that in the outer, was varied from 1 for premixed cases to 3 for the most stratified cases. The flames burn 
in the thin flame zone of the Borghi diagram, where we expect that the reaction zone is not disrupted by 
turbulence, but the thermal zone is. 
 
 Case SR 𝝓𝒊 𝝓𝒐 𝝓𝒈 𝑼′/𝑺𝑳 z = 10 mm z = 30 mm z = 50 mm z = 70 mm 
SwB1 1 0.75 0.75 0.75 9.72 10.05  9.82 9.82 
SwB5 2 1.00 0.50 0.75 9.30 10.06 10.16 9.55 
SwB9 3 1.13 0.375 0.75 9.95 10.13 10.01 9.61 
 
Table 1. Operating conditions for Cambridge/Sandia Stratified Swirl Burner considered in this study, including the inner 𝜙*,  
outer 𝜙+	and global equivalence ratio, 𝜙., and the ratio of the total turbulent velocity U’ to laminar flame speed at the global 
equivalence ratio, SL, determined as the maximum value in the radial direction for a for a given axial location, z. In all cases 𝑈* =	8.3 
m/s and 𝑈+ =	18.7 m/s, and 𝑈$+ =	0.4 m/s.  
 
2.3. Multi-scalar diagnostics 
Raman-Rayleigh line measurements were obtained from experiments at the Turbulent Combustion 
Laboratory (Sandia National Laboratories). The setup allows for the line measurement of temperature 
(Rayleigh scattering) and major species: CH4, CO2, CO, H2, H2O and O2 (via Raman scattering and CO-
LIF), with simultaneous cross-planar OH-PLIF to define the flame orientation relative to the measurement 
line. Beams from four frequency doubled Nd:YAG lasers were used for Raman and Rayleigh line imaging, 
with a total energy of 1.8 J/pulse in the probe volume. The species and temperature profiles were obtained 
by translating the 6.18 mm probe volume through each flame in slightly overlapping steps, with 500 shots 
acquired at each step. The focus had a diameter of approximately 0.22 mm (1/e2). The projected binned-
pixel spacing for the combined Raman/Rayleigh/CO-LIF data was 103 µm, which is larger than the 
~60 µm optical resolution of the system. The resolution must be compared to a thermal thickness of the 
laminar unstrained flame around 500 µm. Turbulent velocity measurements by Zhou et al. [31] place the 
Kolmogorov length scale around 30 µm in the middle of the shear layer between inner and outer annular 
flows (non-reacting) at a downstream distance of z = 30 mm. The experimental setup and the uncertainties 
introduced in the evaluation of the derived quantities are discussed in detail in [21], but are under 5% for 
most species mass fractions, except CO and H2 (10%), and around 2% for temperature.  
 
3. Data analysis 
A brief synopsis of the data analysis methodologies employed to calculate derived quantities from the 
experimental measurements is provided for reference. 
 
3.1. Progress variable, 𝒄 
A progress variable ideally represents the extent to which the energy in the fuel has been released by 
reaction, such as enthalpy. In computational work, the fuel, oxygen or the sum of carbon monoxide and 
dioxide are often chosen as markers of reaction progress in a flame, normalized by the difference between 
their initial and equilibrium values. In experimental work, we seek quantities that are both easily and 
accurately measurable. The differences between selected markers for an unstrained premixed flame are 
shown in Fig. 2, as calculated using Chemkin [43] for an unstrained flame using GRI Mech 3.0 and multi-
component transport [44]. The choice of marker does affect the measure, and clearly oxygen consumption 
and the sum of carbon monoxide and dioxide agree more closely with temperature than the fuel. All of the 
markers are affected by their own molecular diffusion relative to the bulk mixture, and are inherently 
biased1. However, so long as any comparisons to predictions are made on a consistent basis, almost any 
marker can be used.   
The present work makes use of a two distinct reaction progress variables. In the case of the 
measurement of gradients of progress of reaction, covering most of the paper, the sensible progress 
variable is temperature, owing to the high relative accuracy, but particularly the higher resolution of the 
measurement relatively to the species. For specific comparisons with the studies of Proch and Kempf, a 
different progress of reaction based on CO+CO2+H2 is used to calculate a flame sensor, as outlined 
further on, so that a consistent formulation is adopted.  
 
 
Figure 2. Comparison of different progress variables using temperature, 𝑐> (solid blue), oxygen, 𝑐?@ (dotted line) and 
CO+CO2+H2, 𝑐A   (dotted line) as obtained from unstrained laminar premixed flame calculations at f = 0.75. 
 
                                                      
1 In principle, a conversion of temperature to enthalpy would offer an almost ideal marker of progress of reaction, were it not 
for the possibility of super-adiabatic rich flames under high Lewis number conditions. However, uncertainties in the estimation of 
the relative specific heats of the mixtures as a function of temperature would quickly overwhelm any perceived improvement.  
cT (-)
0 0.2 0.4 0.6 0.8 1
c
(-
)
0
0.2
0.4
0.6
0.8
1
cC
cCH4
cO2
 In a purely premixed flame the progress of reaction based on temperature is based on the normalization 
of the local flame temperature rise relative to the unburned reactants by the maximum temperature rise 
achievable at the local equivalence ratio: 𝑐 = 𝑇 − 𝑇D𝑇E 𝜙 − 𝑇D 																																																																																			(1) 
where 𝑇 is the local temperature, 𝑇D is the temperature in the unburned reactants, and 𝑇E is the equilibrium 
temperature in the burned products. Since the equivalence ratio varies in a stratified flame, the equilibrium 
temperature 𝑇E must be calculated at the locally measured equivalence ratio 𝜙, as discussed in Section 3.2.  
 
 
3.2. Equivalence ratio, 𝝓 
A reconstructed equivalence ratio, representing the demand for oxygen based on the local mass fractions 
of hydrogen and carbon to the locally available oxygen, can be obtained from the major species measured, 
such that it remains constant in the reactants and products. Using the atomic balance of the measured species 
molar fractions, Xi, we have: 
𝜙 = 𝑋A?J + 2𝑋AMN + 𝑋A? + 0.5 𝑋MJ? + 𝑋MJ𝑋A?J + 𝑋?J + 0.5 𝑋A? + 𝑋MJ? 																																																							(2) 
This definition of equivalence ratio from Eq. (2) yields values that are close to those calculated using the 
scaled Bilger mixture fraction Z [45]: 
𝜙R = 𝑍1 − 𝑍	1 − 𝑍T𝑍T ≈ 𝜙																																																																								(3) 
where the subscripts B and s refer to the Bilger definition and the stoichiometric value respectively. Carbon- 
and hydrogen-containing species in general have different molecular weights and diffuse at different rates. 
Hydrogen (H2) and water (H2O) are lighter molecules than carbon monoxide (CO) and carbon dioxide (CO2), 
with the result that they diffuse faster through the preheat zone, ahead of CO2 and CO. Therefore, whereas 
the total flux C or H atoms is conserved across the ends of a one-dimensional flame, the local weighted mass 
or molar fractions may vary. This phenomenon is illustrated in Fig. 3, where the simulated reconstructed 
equivalence ratio is plotted as a function of temperature for premixed flames, as calculated using Chemkin 
[43] and GRI Mech 3.0 [44] with multi-component transport and the Soret effect included, for strains of zero 
and 1000 s-1. The effect differential diffusion on local equivalence ratio is particularly pronounced for richer 
flames, as there is a larger concentration of species with diffusion different than the bulk nitrogen.  
 
 
 
 
Figure 3. Calculated reconstructed equivalence ratios (Eq. 2) obtained from the species mole fractions in unstrained (thick lines) and 
strained  (thin lines) laminar flames at a strain of 1000 s-1.  
  
The effects of differential molecular diffusion have been found to be particularly important in bluff-body 
stabilized flames [30], where the flame brush is located in the high shear region adjacent to the recirculation 
zone. As explained in [30] and confirmed by calculations of a laminar bluff-body flame [42], lighter, 
hydrogen containing products (H2O and H2) diffuse more quickly than CO and CO2 toward the reactants. The 
CO2-deficient gases within the preheat zone are then transported downstream, leaving higher CO2 levels, 
lower O2 levels, and higher equivalence ratio in the recirculating products, relative to those expected in a 
one-dimensional flame. This effect becomes apparent in the turbulent measurements, and is further discussed 
in the Results section.  
 
3.3. Flame sensor indicator, 𝜴 
Many numerical computations use an indicator to identify the region of the flame brush. In order to 
compare the PDFs obtained in the experiments to the numerical calculations of Proch and Kempf [37], we 
use the same definition of the flame sensor in the measurements as in the numerical computations. The 
progress variable used in [37] is calculated from the sum of the mass fractions of major species 𝑌A = 𝑌A?J + 𝑌A? + 𝑌MJ . The flame sensor in the numerical calculations is defined as the normalized 
gradient of the progress variable relative to the maximum value based on one-dimensional Cantera flame 
computations. The flame sensor takes a value of zero in the fully burnt or unburnt regions, increasing up to 
unity at the point of maximum gradient of the progress of reaction defined by 𝑌A , then decreasing towards the 
products.  
Ω = 𝑑𝑌A 𝑥𝑑𝑥𝑚𝑎𝑥 𝑑𝑌A 𝑥𝑑𝑥 																																																																				(4) 
The experimental values of the flame sensor variable are obtained from the measured mass fraction using 
central differencing, for comparison with numerical simulations. 
 
3.4. Surface density function, 𝜵𝒄  
The surface density function (SDF) or gradient of progress variable, ∇𝑐 , is calculated using a second 
order central-differencing scheme, with forward- and back-scattering schemes applied at the edges of the line 
measurement data as described in [21]. The three-dimensional gradients of progress variable are obtained 
from the one-dimensional value along the line measurement axis by dividing these gradients by the cosine of 
the solid angle, 𝜃 between the local 3D flame normal: 
∇𝑐 = | 𝑑𝑐𝑑𝑛 | = | 𝑑𝑐 𝑑𝑥cos 𝜃 |																																																																								(5) 
The angle 𝜃 is obtained from two cross planar OH PLIF images separated by 64 degrees, symmetrically 
about the direction of flow, as described in [46]. This correction assumes that near the flame front defined by 
the peak OH gradient, temperature gradients are locally parallel to those of OH. This direction is assumed to 
be the same throughout the local flame.  
 
3.5. Scalar dissipation rate, 	𝝌𝒄 
The scalar dissipation rate for the progress variable, 𝜒$, is calculated as: 𝜒$ = 𝛼 ∇𝑐 @																																																																																		(6)                                                                       
The thermal diffusivity, 𝛼, is obtained by interpolating a lookup table of calculated values in temperature and 
equivalence ratio 𝛼(𝜙, 𝑇) from premixed unstrained flames at a given 𝜙. Simulations estimate the maximum 
error to the thermal diffusivity to be within 10% [47]. 
 
4. Flow and Flame Patterns 
Flame and flow patterns for this burner have been presented in previous investigations, but a summary 
of the key features are reproduced here for guidance. Natural luminosity photographs of the three cases 
listed in Table 1 are shown in the top row of Fig. 4. In all three cases the flames are attached and stabilize 
on the perimeter of the central bluff body. The flame luminosity increases as the inner region becomes 
richer from SwB1 to SwB9, and the high luminosity region is closer to the flame stabilization point.  
The mean flow patterns including maps of 2D mean velocity, 𝑈 = 𝑢@ + 𝑣@, and fluctuating velocity, 𝑈′ = 𝑢′@ + 𝑣′@, derived from PIV [31] are shown in the middle row in Fig. 4. The two-dimensional flow 
fields demonstrate features typical of co-annular jet flow over a central bluff body: a recirculation zone is 
formed on the bluff body, with a zero velocity contour separating the surrounding shear flow. A second 
high velocity shear flow forms surrounding the inner region. The peak turbulent fluctuations appear in the 
shear zones separating the two annuli. The size of the recirculation zone decreases as the inner mixture 
becomes richer, and the flow accelerates beyond the region due to thermal expansion 
An illustration of the distribution of equivalence ratio is provided by instantaneous and mean contours 
plots of equivalence ratio generated using artificially thickened flame LES simulations by Proch et al. 
[37], on the bottom row of Fig. 4. The simulations illustrate the mixing between streams and between the 
outer stream and the surrounding co-flow. The isolines of the flame sensor variable (Eq. 4), which 
determine the reacting region, are shown in white. 
 
 
Figure 4. Top row: Photographs of the flames studied in the present work [22]. Middle row: Mean (r < 0) and fluctuating (r > 0) 
velocity maps. Streamlines are shown in black for r < 0 mm [31]; Bottom row: Calculated instantaneous (r < 0) and mean (r > 0) 
contour plots of equivalence ratio, 𝜙, with the lean flammability limit marked by a black isoline. The flame sensor variable 𝛺, which 
marks the combustion region, is denoted by white isolines [37]. 
5. Results 
The presentation and discussion of results are structured as follows. First we consider the correlations 
between equivalence ratio distribution and progress of reaction throughout the flame to understand the 
equivalence ratio distribution for premixed (SwB1), moderately stratified (SwB5), and highly stratified 
flames (SwB9) as a function of the downstream locations along the flame. Next, the thermal and 
compositional evolution of the flames is analysed, by plotting the joint PDFs of mass concentration of 
species and temperature conditioned on equivalence ratio. Finally, we examine conditioned surface density 
function and scalar dissipation rates, also as a function of location and equivalence ratio. 
 
5.1. Equivalence ratio distribution 
One measure of success of a reacting flow model is the ability to make predictions of the evolution of 
equivalence ratio (or mixture fraction) and progress of reaction. On the other hand, many models make a 
priori assumptions about the PDFs of f or c and their relationship to the variance and mean via the relevant 
joint PDF [48] [49]. In this section we compare the measured and computed joint PDFs of f and c as a 
function of axial location. 
Figure 5 shows the evolution of the joint PDFs of 𝑐 and 𝜙, for the range of mean (Favre-averaged) 
progress of reaction 𝑐, between 0.01 to 0.99, as a function of axial distance and position in the flame brush 
for the three flames listed in Table 1. Near the base (z = 10 and 20 mm) each flame behaves as a premixed 
flame burning at the nominal equivalence ratio of the inner annular flow; the flame has yet to reach the 
mixing layer in the stratified cases (the smattering of points near the origin in these cases is due to noise near 
c=0).  At these locations, we observe an increase in equivalence ratio towards the product side, even under 
premixed conditions. As documented in [31] and outlined in Section 3.2, this has been shown to result from 
differential molecular diffusion between carbon vs. hydrogen containing species, combined with the fact that 
the flame is stabilized in a high shear region between the bluff-body recirculation zone and the high-velocity 
reactant flow from the inner annulus.  This preferential transport effect has also been explored in the laminar 
calculations by Katta et al. [42] and incorporated into a model in the LES work of Nambully et al. [35] [36]. 
At these near-field locations we also observe that the distribution along c is bimodal, with peaks in cold 
reactants and burnt products, as expected for the regime of thin turbulent flames2. However, the product peak 
appears around 0.8 < 𝑐 <0.9 rather than unity.  Here the burnout zone that would exist in a planar turbulent 
flame without shear is merged and coupled with the recirculation zone. Thus, the apparent incomplete extent 
of reaction may result from the effect of heat loss from the recirculation zone to the bluff body surface [34], 
the limited reaction time due to high shear and turbulence [48], and possibly effects of differential diffusion, 
which alters the transport of enthalpy across the flame [30].  Further downstream we find a more normal 
structure that allows c to approach unity in both premixed and stratified cases.  
                                                      
2 The reader is reminded that the Favre-averaged variable is limited to the range between 0.01 and 0.99 while the local progress 
variable is allowed to vary between 0 and 1. 
At z = 30 mm in the two stratified cases (SwB5 and SwB9) the flame begins to burn into the mixing 
layer.  Radial profiles of Favre average T and f [21] show that the mixing layer is wider than the flame brush 
at all locations where they interact (z ≥ 30 mm), so the joint PDF’s show broad distributions in f at each 
value of c. As the flames become more stratified, a strong correlation appears between higher values of T and 
c, in other words, complete reaction takes place preferably under conditions closer to stoichiometric.   
With increasing streamwise distance, as the two mixing layers between inner reactant flow, outer reactant 
flow, and air co-flow merge, the PDFs start to show evidence of dilution of the reactants by air.  This 
happens later in the premixed case because the flame speed across the inner annular flow is lower (f of 0.75 
versus 1.0 and 1.125). 
 
Figure 5. Joint PDFs of equivalence ratio, 𝝓, as a function of progress variable, c, (left) and as a function of temperature, T, 
(right) within the flame brush (0.01< 𝒄 < 0.99) at various axial locations (in mm). Conditional means are plotted in blue, while 
vertical blue bars denote one standard deviation.  
Figure 6 shows a quantitative comparison between measured equivalence ratio distributions and LES 
simulation results from Proch et al. [37]. The range of equivalence ratios between 0.45-1.2 is divided into 
100 bins to construct the PDFs, 𝑝 𝜙  for points inside the reacting zone, as defined the flame sensor over the 
range 0.01 < Ω < 0.99.  The model assumes a reaction cut-off at the expected flammability limit of 𝜙=0.45 
[38].  Accordingly, for consistency of comparisons, the experimental distribution is also clipped at a value of 
0.45.  
Near the base of the flame (z = 10 mm), where the flame brush is still burning across the homogeneous 
mixture from the inner annular flow, the prediction shows a delta function for f, while the experimental data 
show a narrow Gaussian distribution with width corresponding to the rms measurement uncertainty of 
roughly 2 percent.  
Further along the streamwise direction, the prediction shows a more rapid spreading of the conditional 
equivalence ratio distribution toward leaner mixtures than is observed in the experiments.  This is 
particularly apparent in the two stratified cases (SwB5 and SwB9).  The experimental PDFs for these 
stratified flames display the behaviour described in Figure 5, with narrow distributions near the base at 
z = 10 and 20 mm, followed by a gradual spreading of the distribution toward leaner mixtures.  This reflects 
the progress of the flame across the turbulent mixing layer, which further downstream includes entrained air 
from the coflow. The predicted distributions in the stratified cases extend toward leaner mixtures already at 
z = 20 mm.  This trend continues to the last measurement station at z = 70 mm suggesting that the predicted 
conditional PDFs are always leaner than measured values, and predicted mixing rates are too high.    
Details of turbulent mixing models under high shear and high temperature gradients are not well tested, so 
perhaps the imperfect agreement is to be expected. On the other hand, the predicted mean radial profiles of 
mean temperature and equivalence ratio are not far from the measurements [37], which suggests that it is 
possible to make good mean predictions even when the details of the distributions are not perfectly captured.  
 
Figure 6. PDFs of equivalence ratio 𝜙, within the reacting zone, conditioned on flame sensor value, 0.01 < Ω < 0.99, at different 
axial locations, z (in mm) for cases SwB1, SwB5, and SwB9. The dotted blue lines represent the experimental data and the solid red 
lines the LES simulations.  
 5.2. Conditioned species state space maps  
One limit for the turbulent flame behaviour is the structure of a laminar flame (unstrained or strained) at 
the local equivalence ratio considered. If the flame microstructure is not sufficiently disrupted, the 
relationship between progress of reaction and species concentration should remain intact.  Direct 
measurements of strain in the present system are not available from the velocity measurements [31] due to 
spatial resolution limitations. However, measured mean velocity gradients indicate maximum strain rates of 
the order of 1000 s-1. The relationship between temperature and species concentration is shown in Fig. 7, for 
both unstrained and strained flames at a strain rate of 1000 s-1, as calculated using Chemkin [43] and GRI 
Mech 3.0 [44] with multicomponent transport and the Soret effect. The mass fractions of O2 and H2O are 
hardly sensitive to stoichiometry, lining up nearly on the same curve, up to the point where all methane 
disappears. CH4, CO and H2 are strong functions of the local stoichiometry, and CO2 shows some sensitivity 
to stoichiometry over most of the reaction zone. Only CO2 and CO (at low equivalence ratio) are sensitive to 
strain, with CO2 increasing and CO decreasing with strain.  
 
Figure 7.  Species mass fractions and temperature for unstrained (solid lines) and strained (1000 s-1) (dotted lines) mass fractions 
from laminar premixed calculation, for a range of values of equivalence ratio. 
 
Figure 8 shows scatter plots of measured species mass fraction versus temperature at an axial distance 50 
mm downstream of the inlet, including all local equivalence ratios and locations, similar to those reported in 
[8, 21]. This axial location corresponds approximately to the point where the flame brush crosses the 
center of the mixing layer between inner and outer annular flows. The proportion of measurements is 
represented by color coding of the PDF. Calculated curves for free laminar flames at equivalence ratios 
0.60, 0.75 and 1.10 are also shown. For O2, H2O and CO2, the mean curves at this location agree 
reasonably well with the laminar calculations at an equivalence ratio of 0.75. This is not surprising, since 
Fig. 5 shows that at this location, the mean equivalence ratio is about 0.75 for all flames, while these 
species are not very sensitive to equivalence ratio (Fig. 7). However, the concentrations for H2, CO and 
CH4 are scattered over a wide region, delimited by the concentrations obtained at the highest and leanest 
equivalence ratios.  
 
Figure 8. Joint PDFs of temperature T and species mass fraction 𝑌* , colored by the corresponding joint probability, within the 
flame brush (0.01< 𝑐 < 0.99) for premixed (SwB1), moderately stratified (SwB5), and highly stratified (SwB9) cases at axial 
location z=50 mm. Mean values, binned in 20 K steps, are plotted in blue, while vertical blue bars denote one standard deviation. 
The black solid line represents unstrained laminar flame calculations at the nominal mean equivalence ratio (𝜙q=0.75) while 𝜙=0.60 and 𝜙=1.10 are represented by dashed line and small circles respectively. 
Figure 9 shows mass fractions of the measured species within the flame brush, as a function of 
temperature, but now colored by equivalence ratio. Mean values and standard deviations are generated by 
binning in temperature space in steps of 20 K. Unstrained laminar flame calculations are shown for 
reactant equivalence ratios 0.60, 0.75 and 1.10. Close to the burner inlet, the local equivalence ratio is 
richer for the stratified mixtures (see Fig. 5), as the incoming flows have not yet mixed, so that the profiles 
follow those of the corresponding mixtures. Further downstream, the equivalence ratio is lowered by 
mixing between streams, and eventually with the surrounding co-flow air. As expected from the laminar 
calculations, the mass fractions of O2, CO2, and H2O are not strongly affected by the wide range of 
stoichiometry, compared to the wide variations for CH4, CO, and H2. These variations are largely 
bracketed by the range of laminar flame curves at different equivalence ratios, and suggest the next logical 
step of conditioning results on the local equivalence ratio.  
 
 
Figure 9.  Scatter plots of temperature T and species mass concentration 𝑌* , coloured by the equivalence ratio, within the flame 
brush (0.01< 𝑐 < 0.99), for SwB1, SwB5, and SwB9 datasets, at different axial locations, z. Mean values are plotted in pink, while 
vertical pink bars denote one standard deviation. The black lines represents unstrained laminar flame calculations at equivalence 
ratios of 0.6 (dashed line), 0.75 (solid line) and 1.10 (circles). 
 
The mass fractions of CH4, H2O, CO2, CO, and H2, conditioned on the local equivalence ratio are 
plotted in Figs. 10-14, respectively, as functions of temperature, for the premixed (SwB1) and highly 
stratified (SwB9) cases, colored by the respective PDFs. Mean fits and standard deviations are generated 
by binning the species data in temperature space in steps of 20 K. In each figure, both unstrained and 
strained calculations at the mean equivalence ratio for each bin are included.   
For CH4, H2O, and O2 (not shown) there is very good agreement between measured conditional means 
and the corresponding laminar flame calculations, either strained or unstrained (which are very similar), 
except for measured results at f = 0.40, which is below the flammability limit and has no corresponding 
laminar calculation. Measured samples below the flammability limit can be accounted for by the fact that, 
far from the base, partially burned gases have mixed with surrounding air.   
 
 
Figure 10. Mass fraction of CH4 plotted as a function of temperature, conditioned on equivalence ratio and colored by the number of 
points, represented by the PDF, for cases SwB1 and SwB9 at various axial locations. Mean values are plotted in blue, while vertical 
blue bars denote one standard deviation. Black solid lines represent the unstrained laminar calculations and dotted lines represent the 
strained (1000 s-1) laminar flame calculations, at the midpoint of the equivalence ratio bin. 
 
 
 
Figure 11. Mass fraction of H2O plotted as a function of temperature, conditioned on equivalence ratio and colored by the number 
of points, represented by the PDF (in logarithmic scale), for cases SwB1 and SwB9 for various axial locations. Mean values are 
plotted in blue, while vertical blue bars denote one standard deviation. Black solid lines represent the unstrained laminar calculations 
and dotted lines represent the strained (1000 s-1) laminar flame calculations, at the midpoint of the equivalence ratio bin. 
 
With the exception of results at z = 10 mm, the measured mean CO2 mass fractions conditioned on 
local equivalence ratio (Fig. 12) agree well with the strained laminar calculation at the corresponding 
equivalence ratio. The strain value of 1000 s-1 is estimated from the PIV velocity measurements near the 
base, but it is not necessarily representative further downstream. Nevertheless, a significant result from 
Fig. 12 is the fact that at z = 50 mm, where the flame crosses the center of the mixing layer in the 
stratified case (SwB9), agreement between the conditional mean measurements of CO2 and the 
corresponding strained laminar curve is comparable in both stratified and premixed flames, indicating that 
stratification by itself has little influence on CO2.  The conditional mean CO2 mass fraction results at 
z = 10 mm align significantly above the strained laminar curves in both flames, due to preferential 
transport effects near the base of these bluff-body stabilized flames [30, 50].  As explained in Section 3.2, 
CO2 diffuses more slowly than the hydrogen-carrying species, so that under conditions of very high shear 
at the base of the flame, the lighter species within the preheat zone are swept downstream, while the 
recirculation zone and the entire flame profile become enriched in CO2. Further downstream, the effect is 
not so pronounced because the flame becomes decoupled from the recirculation zone. This has also been 
demonstrated experimentally by Magnotti and Barlow [51] for rich premixed flames stabilized on a bluff 
body, and numerically by Katta and Roquemore [42]. 
 
 
Figure 12. Mass fraction of CO2 plotted as a function of temperature, conditioned on equivalence ratio and colored by the number of 
points, represented by the PDF, for cases SwB1 and SwB9 at various axial locations. Mean values are plotted in blue, while vertical 
blue bars denote one standard deviation. Black solid lines represent the unstrained laminar calculations and dotted lines represent the 
strained (1000 s-1) laminar flame calculations, at the midpoint of the equivalence ratio bin. 
In previous work [29] the effects of stratification on flame structure were isolated by using the location 
of peak CO mass fraction in each instantaneous line measurement as a surrogate for the location of peak 
heat release and analysing only those instantaneous realizations from the stratified flames that had the 
same local equivalence ratio as the premixed flame at the CO peak location.  These multiply-conditioned 
comparisons, which retained only a small fraction of samples, showed that CO and H2 levels were 
increased by stratification, a result that is qualitatively consistent with calculations of lean, back-
supported, stratified flames [19]. Here we consider how CO and H2 are affected by stratification in the 
region of high variance of equivalence ratio, where the flame brush interacts with the mixing layer 
(z ≥ 30 mm).   
In the case of CO (Fig. 13), the peaks in the conditional mean values are consistent with the 
corresponding unstrained laminar calculations for both premixed and stratified flames. In contrast with CO2, 
the strained calculations lower the peak CO, leading to worse agreement with the measurements.  At 
temperatures below the point of peak CO, the measured mean values are somewhat higher than the laminar 
calculations, with differences slightly greater in the stratified flame than in the premixed flame.  This can be 
seen by comparing the SwB9 mean results conditioned on f = 0.75 at z = 50 and 70 mm with the SwB1 
results at those locations.  This difference may well be an effect of stratification, with elevated CO levels 
from the richer product zones diffusing toward the leaner preheat region of the flame. However, the effect is 
relatively small when all of the data at the given local equivalence ratio are included. Note also that the rms 
fluctuations for CO conditioned on f = 0.75 are similar in the stratified and premixed flames. 
Considering the same comparisons for H2 (Fig. 14) we find that the effects of stratification appear 
somewhat greater than for CO.  Specifically, the conditional mean mass fraction curves for H2 at z = 50 mm 
in the stratified flame (SwB9), where the flame is roughly centered on the mixing layer, are higher than the 
laminar curves by more than is seen in the premixed flame (SwB1) or further downstream in the stratified 
flame.  Conditional rms fluctuations are also higher in the stratified flame than in the premixed flame.  The 
higher mean values may result from the high diffusivity of H2, which can promote the transport of H2 from 
richer portions of the flame.  This is further emphasized by the fact that the difference between the mean 
mass fractions in the premixed and stratified flames at z = 50 mm for the common equivalence ratio of 0.75 
is smaller than the differences among the conditional mean curves at different different equivalence ratios. 
Note that these H2 mass fractions correspond to very low mole fractions, making H2 the most difficult of the 
present species to measure with good precision.  
A key point in the present observations is that species mass fractions are primarily a function of the local 
equivalence ratio, and secondarily affected by stratification. This had been suggested by studies by Kuenne 
et al. [25] on the Darmstadt flames, as well as in the preliminary assessments of the effect of stratification 
by Sweeney et al. [21].  Here it becomes clear that the statistical significance of the instantaneous effects of 
stratification identified in [29] is relatively small.   
 
 Figure 13. Mass fraction of CO plotted as a function of temperature, conditioned on equivalence ratio and colored by the number of 
points, represented by the PDF (in logarithmic scale), for cases SwB1 and SwB9, for various axial locations. Mean values are 
plotted in blue, while vertical blue bars denote one standard deviation. Black solid lines represent the unstrained laminar calculations 
and dotted lines represent the strained (1000 s-1) laminar flame calculations, at the midpoint of the equivalence ratio bin. 
 
 
Figure 14. Mass fraction of H2 plotted as a function of temperature, conditioned on equivalence ratio and colored by the number of 
points, represented by the PDF (in logarithmic scale), for cases SwB1 and SwB9 for various axial locations. Mean values are plotted 
in blue, while vertical blue bars denote one standard deviation. Black solid lines represent the unstrained laminar calculations and 
dotted lines represent the strained (1000 s-1) laminar flame calculations, at the midpoint of the equivalence ratio bin. 
 
 
 
5.3. Surface density function (SDF) and thermal scalar dissipation rate (SDR) 
The mean gradients of temperature, in the form of the surface density function (SDF, Eq. 6), ∇𝑐 , and 
the thermal scalar dissipation rate (SDR, Eq. 5), 𝜒$, are connected to the flame surface density and the rate 
of reaction [52] [53] [54] [55] [56]. For example, the local flame surface density (FSD) at a particular 
location in the flame brush defined by the density averaged progress of reaction 𝑐, and an instantaneous 
local extent of reaction, 𝑐, is the product of the local SDF to the probability of finding the particular value 
of 𝑐 at that location 𝑝 𝑐; 𝑐 :  𝛴 𝑐; 𝑐 = 𝑝 𝑐; 𝑐 ∇𝑐 $;$																																																																													(6) 
The quantity can be related to the overall rate of reaction once integrated over all locations and progress of 
reaction [57] [58]. In all cases, the SDR is proportional to the rate of mixing, and thus at the limit of high 
reaction rates, to the rate of heat release. In a previous paper, Sweeney et al. [4] showed that the FSD of 
the present flames did not change with stratification, even though the local SDF changed with operating 
condition. This was explained by the fact that changes in SDF with operating conditions are compensated 
by inverse changes in the corresponding PDF―the higher the gradient, the lower the probability of finding 
a particular value of 𝑐. Thus, the overall unconditioned FSD over the flame brush remains unchanged by 
stratification.  
Here we consider the values of the SDF and SDR conditioned on the local equivalence ratio, compared 
to the corresponding values for calculated laminar flames. Figure 15 shows the local surface density 
function and scalar dissipation rate as a function of progress of reaction, for the range of mean (Favre-
averaged) progress of reaction, 𝑐 between 0.01 and 0.99, for different axial locations along the flame. The 
data is colored by local equivalence ratio to highlight any composition dependent effects. Points below the 
lean flammability limit (𝜙 = 0.47) are plotted in black to illustrate any extension of the lean limit and/or 
entrainment from coflow. The scatter plots for both SDF and SDR exhibit a broad distribution of data 
within each bin especially at downstream locations beyond z = 20 mm, regardless of the degree of 
stratification. For the premixed flame, we note that the values of SDF and SDR are lower than the 
unstrained laminar limit, particularly further downstream. For the stratified flames, the behaviour is 
approximately bracketed by the behaviour at the extremes in equivalence ratio, with exceptions in the 
richer flames discussed further on. Overall the mean profiles of SDF and SDR are significantly lower than 
laminar unstrained values at the corresponding nominal mean stoichiometries. The comparison is worse 
for the stratified case SwB9 at the base of the flame, where the measured temperature gradients are 
significantly lower than the laminar values, particularly around the peak. This may be related to the heat 
loss near the stabilization point. The mean values of SDF and SDR become relatively independent of the 
stratification further downstream, with approximately the same values from z=50 mm onwards. The large 
scatter about the mean value arises from the significant variation in the instantaneous temperature profiles, 
which arises from the small eddies penetrating the thermal zone, as evidenced by the individual shots 
shown by Sweeney et al. [21]. Instantaneous temperature profiles show small but regular local peaks and 
troughs in the temperature (and by extension, progress variable) profiles across the thermal ramp, which 
indicates significant stirring by turbulent eddies. The discrepancies become larger towards the richer, 
higher gradient regions, which might suggest experimental error. However, the resolution of the measured 
profiles is 100 microns, which should be sufficient to resolve the thermal zone of a free flame with 5-10 
points, as demonstrated in [51]. The differences indeed become larger for the richer cases ― this may be a 
result of higher differential diffusion or the very fact that higher gradients are destroyed by the presence of 
turbulence, which tends to lower the mean gradients by convective motion. The SDR profiles in Fig. 15b 
closely follow the SDF profiles in Fig. 15a, but with the peak skewed towards the products, as the thermal 
diffusivity is higher towards that end.  
The present results of a thickening of flames with turbulence are in good agreement with those reported in 
[59] [60] [61] [59, 60, 62, 63] for turbulent premixed flames. In those studies, thicker instantaneous flames 
have been measured relative to laminar values, with a peak skewed towards the reactants relative to laminar 
calculations. Similar results have also been obtained in high turbulence DNS simulations [63]. 
The measurements also indicate that the use of ensembles of unstrained laminar flame calculations do 
not capture the mean behaviour of the mean surface density function. Instead, the results suggest that the 
main effect of turbulence is to thicken the thermal flame zone via eddies of length comparable or smaller 
than the flame thickness penetrating the flame zone, rather than to thin them by strain.  
 
 
 Figure 15. Scatter plots of surface density function (a) and scalar dissipation rate (b) in progress variable space for the SwB1, 
SwB5, and SwB9 datasets. Points for which 𝜙 < 0.47 (flammability limit) are plotted in black. Mean values are plotted in pink, 
while vertical bars denote one standard deviation. Laminar flame calculations at the global equivalence ratio (𝜙.=0.75) are plotted 
in black; unstrained laminar flame calculations for 𝜙=0.60 and 𝜙=1.10, are plotted as dashed line and circles, respectively. The SDF 
is normalized by the value of laminar flame thickness (𝛿v = 0.588 mm) derived from laminar flame calculations at an equivalence 
ratio of 𝜙 = 0.75. The SDR is normalized by the term (𝛿v 𝑆v); where 𝑆v is the laminar flame speed of the methane/air flame (𝑆v = 
0.214 m/s). 
 
 
The discussion related to the effects of stratification on SDF and SDR becomes clearer once the 
measurements are conditioned by the local equivalence ratio. Joint PDFs of the normalized SDF and SDR 
as a function of progress variable, conditioned on the equivalence ratio across the flame brush, are plotted 
in Figs. 16 and 17, respectively, for cases SwB1 (premixed) and SwB9 (most stratified). In each case, 
comparisons are made with the values for the corresponding unstrained and strained (1000 s-1) laminar flame 
values at the respective equivalence ratio. The calculated unstrained values are lower than the strained values 
under lean conditions, whereas the reverse is true for the rich case (f=1.1). In the premixed case, we observe 
that at the base of the flame, measurements are not far from the unstrained laminar limit case. At this location 
the flame stabilizes in the relatively low turbulence, yet high strain region that exists between the inner 
annulus flow and the recirculation zone as reported in [31]. Further downstream, there is significant variance, 
with lower mean values, as the turbulence caused by the shear-generated vortices disrupts the thermal layer. 
Under lean conditions, strain thins a laminar flame, so that strained flame profiles lie further away from the 
experimentally measured results.   The behaviour of the SDF and SDR in the lean range is similar for both 
stratified and premixed flames, with the conditioned values slightly below the laminar values. A useful 
observation for both SDF and SDR, as with the conditional mean species mass fractions, is that mean and 
rms results are very similar in the premixed case (SwB1) and the stratified case (SwB9), when conditioned 
on equivalence ratio 0.75, at z = 50 mm, where the flame brush crosses the center of the mixing layer in the 
stratified flame.  For the richer conditions (𝜙 = 1.12), however, the measured values are significantly lower 
than the laminar counterpart, particularly at the base. This behaviour has been observed in rich flames near 
the base of a bluff-body stabilized flame [51], and has been attributed to differential transport and Lewis 
number effects as explained in the previous discussion. At rich equivalence ratios, strain thickens the flame 
slightly, leading to lower gradients, so that the comparison with strained values is favourable, yet a factor of 
two higher than the measurements indicates.   
The thickening of the pre-flame zone under lean conditions has been previously reported for lean flames 
[59, 60, 62, 63]. Here we demonstrate the effect prevails for premixed and stratified flames, and highlight the 
differences in behaviour between lean and rich ranges. Whereas the effect is clear, further work is still 
necessary, either via DNS or experiments, to clearly demonstrate the interaction between turbulence length 
scales relatively to the diffusive thickness, and the role of strain and turbulence in not only in thermal zone, 
but also in the reaction region.  
 
 
Figure 16.  SDF as a function of progress of reaction, colored by the corresponding joint probability, conditioned on the local 
equivalence ratio, within the flame brush (0.01< 𝑐 < 0.99). Mean values are plotted in blue, while vertical bars denote one standard 
deviation. Black solid lines represent the unstrained laminar calculations and dotted lines represent the strained (1000 s-1) laminar 
flame calculations, at the midpoint of the equivalence ratio bin. See Fig. 15 for normalization factors. 
 
 
 
 
 
Figure 17. SDR as a function of progress of reaction, colored by the PDF, and conditioned on the local equivalence ratio, for all 
positions across the flame. Mean fits are plotted as solid lines, along with variances as error bars. Black solid lines represent the 
unstrained laminar calculations and dotted lines represent the strained (1000 s-1) laminar flame calculations, at the midpoint of the 
equivalence ratio bin. See Fig. 11 for normalization factors. 
6. Conclusions 
This work has analysed the behaviour of stable species (H2O, H2, CO2, CO, O2, CH4), measured by line 
Raman scattering and CO LIF, and temperature gradients, measured by line Rayleigh scattering, in three 
non-swirling, bluff-body stabilized, premixed and stratified turbulent methane flames, as measured in the 
work of Sweeney et al. [21] [29]. The species mass fractions were conditioned on the local equivalence 
ratio, for comparisons of the state space as a function of the local temperature, for locations across the 
whole flame domain. These profiles were then compared to the calculated laminar strained and unstrained 
profiles at the corresponding equivalence ratio.  
The premixed flame state space profiles agree well with the laminar profiles, with the exception of 
deviations near the base of the flame, which can be attributed to the previously documented effect of 
differential transport in bluff-body stabilized flames. A central result of the present study is that the 
species profiles as a function of temperature for the stratified cases largely agree with premixed laminar 
flame calculations once the experimental data are conditioned on the local equivalence ratio.  Deviations 
were observed near the flame base, again due to differential transport effects. Further downstream, where 
the flame brush burns across the stratified mixing layer, the mass fractions of CH4, O2, CO2, and H2O, 
conditioned on local equivalence ratio as a function of temperature agree well with laminar calculations at 
the corresponding equivalence ratio, both for premixed and stratified cases. The conditioned mass 
fractions of CO and H2 appear somewhat higher than in the corresponding laminar calculations for 
temperatures below those at the peak CO and H2 mass fractions.  This higher level elevation of CO and 
H2 is consistent with qualitative expectations, based upon previous experimental and computational 
studies of lean, back-supported, stratified flame.  However, the observed effect is relatively minor, 
suggesting that the flame microstructure is largely controlled by the local stoichiometry, with only minor 
effects of strain and stratification.  
The measurements of the mean gradient of progress of reaction and scalar dissipation rates (corrected 
for the 3D direction of the flame normal), are in all cases lower than the strained (1000 s-1) and unstrained 
laminar flame values, indicating a thickening of the thermal flame zone.  
The flame thickening is results from disruption of the preheat zone by turbulent eddies at spatial scales 
smaller than the thermal laminar flame thickness. At lean conditions, the SDF values are about 60-90% of 
the laminar unstrained value, whereas at rich conditions they reduce to about 50% of that value. Lean 
flames under strain are thinner than their unstrained counterparts, so the addition of strain makes the 
comparisons between turbulent measurements and laminar calculations worse. On the other hand, rich 
laminar flames under strain become somewhat thicker, so addition of strain can account for part of the 
difference. 
We conclude based on the measurements of the microstructure of premixed and stratified flames that the 
effect of turbulence is to generally thicken the flame relatively to strained or unstrained calculations at all 
equivalence ratios. This general sub thermal scale effect promotes the additional diffusion of species and 
heat in relatively equal manner, so that the overall relationship between temperature and species is not 
significantly disrupted, and the species-temperature relationships remain similar to those from laminar flame 
calculations.   
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